Graphene is the thinnest and toughest two-dimensional nanomaterial yet discovered. However, it inevitably enters the biosphere, where it may pose potential risks to ecosystems. We investigated the impact of applied graphene concentrations on bacterial community diversity, physicochemical properties, and enzyme activities of Haplic Cambisols, the zonal soil of Northeastern China. Soils receiving 0, 10, 100, or 1000 mg kg −1 of graphene were incubated for 7, 15, 30, 60, or 90 days. Adding graphene significantly increased the community richness and diversity index of the bacterial community in Haplic Cambisols, as well as their abundances, but this impact varied with graphene concentration and incubation time. Compared with 0 mg kg −1 of graphene applied, soil bacteria abundance and diversity increased significantly during early stages of incubation (i.e., 7 and 15 days) under different concentrations of graphene, and was inhibited or remained unchanged by a longer incubation time, reaching a minima at 60 days but then following an upward trend. Graphene treatments influenced the bacterial community structure and metabolic function in Haplic Cambisols, and the bacterial community's metabolic regulation mechanism varied with both incubation time and graphene concentration. The rank order of bacterial similarity in soils treated with graphene was 15 > 7 > 30 > 60 > 90 days. Throughout the incubation periods, except for a few unidentified bacteria, the relative abundances of Proteobacteria and Acidobacteria in the soil samples were the highest, with the number of Pseudomonas of Proteobacteria being particularly large. The rank order of bacterial abundance at the phylum level in Haplic Cambisols was 15 > 7 > 30 > 90 > 60 days. Graphene also influenced bacterial community diversity by affecting several key soil environmental factors, such as organic matter and hydrolytic nitrogen contents, as well as urease and catalase activities.
Introduction
Graphene is the thinnest and toughest two-dimensional nanomaterial yet discovered, consisting of a dense layer of carbon atoms wrapped in a honeycomb crystal lattice that features the most stable benzene six-membered ring structural unit [1, 2] . Graphene, the basic structural unit of fullerenes, carbon nanotubes, and graphite, has a thickness of only 0.34 nm, a carrier mobility of 15,000 cm 2 V −1 s −1 , a thermal conductivity of 5000 W m −1 K −1 , and its specific surface area is 2630 m 2 g −1 [3, 4] . This special structure endows it with many excellent properties in optical, electrical, and thermal applications, as well as mechanical strength [1, 5, 6] . Not surprisingly, graphene applications have made tremendous progress, in environmental applications, biomedicine, materials, electronics, optics, energy, and other industries [7] [8] [9] . However, graphene and its derivatives-like follows: soils were placed in a sealed plastic bag, the graphene powder was added to the bag, and then the bag was repeatedly flipped until the graphene had evenly mixed with the soil. Soil water content was adjusted to 60% of maximum moisture capacity, then the soils were incubated darkly at 25 • C in an incubator at a constant temperature and humidity. Soil water content was maintained at 60% of the maximum moisture capacity by weekly adding high-purity water. The experimental layout is described in Table 2 . There were five sampling and analysis times (i.e., 7, 15, 30, 60 , and 90 days) after graphene treatments. For each sampling time, there were four treatments, with three beakers per treatment and 60 beakers in total. At 7, 15, 30, 60 , and 90 days after graphene treatments, sampling and analysis of soils were conducted. Table 1 . Selected properties of A 1 horizon soil at the initiation of the experiment (mean, n = 3). 
Soil Microbe Identifications
At 7, 15, 30, 60, and 90 days after graphene treatments, soil samples were randomly collected from each beaker (~2.0 g), immediately stored in a refrigerator at −80 • C, and taken to Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China), where the 16S rDNA gene of soil bacteria was sequenced by Illumina high-throughput sequencing technology on a MiSeq platform to identify the bacterial community composition. Briefly, a 16S rDNA gene sequence analysis of each sample's bacterial community was carried out following its amplification by PCR (polymerase chain reaction) (New England Biolabs (Beijing) LTD., Beijing, China), followed by analyses of their OTU (operational taxonomic unit) divisions, indices of alpha diversity, and beta diversity. The details of DNA extraction, 16S rDNA amplicon pyrosequencing, sequence analysis, bioinformatics, and statistical analysis are presented in Appendix A.
In current 16S rDNA gene-based microbial diversity studies, a 97% sequence similarity for the OTU threshold is usually used (roughly equivalent to the taxonomic level of sequence differences). Alpha diversity indices are often used to measure the abundance and diversity of bacterial communities in soils, which is composed of the richness index (Chao1), evenness index (ACE) and diversity indices (Simpson and Shannon). Examining beta diversity can reveal how similar bacterial community structures were found among different samples, visualized via principal coordinate analysis (PCA). The unweighted pair-group method with arithmetic means (UPGMA) and hierarchical clustering were used to observe the differences among samples. A Venn diagram was generated to visualize the shared and unique OTUs among samples, based on the occurrence of OTUs across samples/groups regardless of their relative abundance. Taxa abundances at the phylum, class, order, family, genus, and species levels were statistically compared among samples or groups by bacterial taxonomy analysis and representative sequences were taxonomically assigned using the RDP classifier. Pairwise comparisons of the sequence number (i.e., absolute abundance) of taxa at the phylum and genus levels also were carried out. Predictions of microbial metabolic function were mainly performed using a Venn diagram of common functional groups and a heatmap of bacterial community abundance for KEGG homologous gene clusters (KO), derived from a cluster analysis. Ordination plots from a redundancy analysis (RDA) were used to explore the relationships between the soil bacterial community and environmental variables.
Determination of Soil Physical and Chemical Properties
At 7, 15, 30, 60, and 90 days after graphene treatments, soil samples were randomly collected from each beaker (~200 g), air-dried, sifted through 2-mm nylon screens, mixed, and analyzed for their physical and chemical properties. The pH was determined by using the pH S-2 acidimeter (Shanghai Precision Science Instrument Co., LTD., Shanghai, China), with a 1.0 mol L −1 KCl extraction; organic matter content was determined using a TOC (total organic carbon) analyzer; hydrolytic nitrogen content was determined via the alkali reduction diffusion method; available P content was obtained through the Mo-Sb colorimetric method, with a 0.05 mol L −1 HCl-0.025 mol L −1 H 2 SO 4 extraction; and available K content was obtained via the photometric method. All of these were assayed according to the methods of Chen [21] .
Determination of Soil Enzyme Activity
Soil samples were randomly collected from each graphene treatment, air-dried, sifted through 2-mm nylon screens, mixed, and then their enzyme activities were determined. Catalase activity was measured using the methods of Johnson and Temple [22] , urease activity was determined by the indophenol-blue colorimetric method [23] , acid phosphatase activity was obtained using disodium phenyl phosphate colorimetry [24, 25] , and dehydrogenase activity was found using TTC (2,3,5-triphenyltetrazolium chloride) colorimetry [24] .
Data Analysis
OriginPro v9 (OriginLab, Northampton, MA, USA) were used to make figures. Using the SPSS 18.0 software (IBM Corporation, Armonk, NY, USA), one-way analysis of variance (ANOVA), followed by Duncan's test, was used to test for the treatment effects (graphene concentrations and incubation times) (at p < 0.05). Pearson correlations of all the parameters about soil physical and chemical properties and enzyme activities were analyzed in a randomized design with repeated measures using SPSS 18.0.
Results

Sequencing Results and Soil Sampling Depth Verification
Via high-throughput sequencing, our Venn diagram (Figure 1) shows that a total of 7961 OTUs were detected in Haplic Cambisols receiving the four treatments. The OTU numbers of unique and common bacteria in 0, 10, 100, 1000 mg kg −1 (A, B, C, D) treatments were, respectively, 47, 22, 26, 20 and 9507, 9295, 9467, 9464. The number of OTUs shared by treatments B, C, and D with treatment A was 8788, 8920, and 8932, respectively. As Figure 2 shows, when the soil samples were between 30 and 40, the OTU species curve was almost flat, indicating that this sampling effort was sufficient to capture the true richness of the bacterial community. After removing the rare OTUs [26] -these amounted to <0.001% (i.e., 1/100,000) of the total sequences in all samples-the remaining OTUs covered 99.999% of the bacteria in soil. This result indicates that second-generation high-throughput Illumina MiSeq (Illumina Inc., San Diego, CA, USA) sequencing could accurately reflect the richness and diversity of soil bacteria. 
Alpha Diversity Analysis
Four of the alpha diversity indices are presented in Table 3 for different graphene treatments and their durations. For species richness, the Chao1 of soil samples decreased first then increased at 7 and 15 days, indicating the number of soil OTUs was initially inhibited but rose with the graphene concentrations, reaching its maximum at 1000 mg kg −1 (D). At 30 days, the Chao1 under 0 mg kg −1 graphene (A) decreased significantly, but it increased significantly at 10 mg kg −1 (B) and 100 mg kg −1 (C), yet decreased significantly at 1000 mg kg −1 (D); this trend suggested that intermediate graphene concentrations (B and C) might promote the development of some bacteria, thus increasing soil bacteria richness, whereas if the concentration is too high it may well inhibit the growth of most bacteria, thus reducing their richness. At 60 days, the Chao1 reached its lowest values at any time, especially in the 10 mg kg −1 (B) treatment, when it was mostly similar among graphene concentrations. At 90 days, however, the Chao1 increased significantly at first and then decreased, peaking at 100 mg kg −1 (C); hence, the number of soil bacteria had increased compared with that at 60 days (lowest occurring numbers). Across the time period, this Chao1 richness index of bacteria was ranked as 15 > 7 > 30 > 90 > 60 days; the ACE index showed the same basic trend (Table 3) . Both the Simpson and Shannon indices revealed that soil bacterial diversity increased slightly during the As Figure 2 shows, when the soil samples were between 30 and 40, the OTU species curve was almost flat, indicating that this sampling effort was sufficient to capture the true richness of the bacterial community. After removing the rare OTUs [26] -these amounted to <0.001% (i.e., 1/100,000) of the total sequences in all samples-the remaining OTUs covered 99.999% of the bacteria in soil. This result indicates that second-generation high-throughput Illumina MiSeq (Illumina Inc., San Diego, CA, USA) sequencing could accurately reflect the richness and diversity of soil bacteria. As Figure 2 shows, when the soil samples were between 30 and 40, the OTU species curve was almost flat, indicating that this sampling effort was sufficient to capture the true richness of the bacterial community. After removing the rare OTUs [26] -these amounted to <0.001% (i.e., 1/100,000) of the total sequences in all samples-the remaining OTUs covered 99.999% of the bacteria in soil. This result indicates that second-generation high-throughput Illumina MiSeq (Illumina Inc., San Diego, CA, USA) sequencing could accurately reflect the richness and diversity of soil bacteria. 
Four of the alpha diversity indices are presented in Table 3 for different graphene treatments and their durations. For species richness, the Chao1 of soil samples decreased first then increased at 7 and 15 days, indicating the number of soil OTUs was initially inhibited but rose with the graphene concentrations, reaching its maximum at 1000 mg kg −1 (D). At 30 days, the Chao1 under 0 mg kg −1 graphene (A) decreased significantly, but it increased significantly at 10 mg kg −1 (B) and 100 mg kg −1 (C), yet decreased significantly at 1000 mg kg −1 (D); this trend suggested that intermediate graphene concentrations (B and C) might promote the development of some bacteria, thus increasing soil bacteria richness, whereas if the concentration is too high it may well inhibit the growth of most bacteria, thus reducing their richness. At 60 days, the Chao1 reached its lowest values at any time, especially in the 10 mg kg −1 (B) treatment, when it was mostly similar among graphene concentrations. At 90 days, however, the Chao1 increased significantly at first and then decreased, peaking at 100 mg kg −1 (C); hence, the number of soil bacteria had increased compared with that at 60 days (lowest occurring numbers). Across the time period, this Chao1 richness index of bacteria was ranked as 15 > 7 > 30 > 90 > 60 days; the ACE index showed the same basic trend (Table 3 ). Both 
Four of the alpha diversity indices are presented in Table 3 for different graphene treatments and their durations. For species richness, the Chao1 of soil samples decreased first then increased at 7 and 15 days, indicating the number of soil OTUs was initially inhibited but rose with the graphene concentrations, reaching its maximum at 1000 mg kg −1 (D). At 30 days, the Chao1 under 0 mg kg −1 graphene (A) decreased significantly, but it increased significantly at 10 mg kg −1 (B) and 100 mg kg −1 (C), yet decreased significantly at 1000 mg kg −1 (D); this trend suggested that intermediate graphene concentrations (B and C) might promote the development of some bacteria, thus increasing soil bacteria richness, whereas if the concentration is too high it may well inhibit the growth of most bacteria, thus reducing their richness. At 60 days, the Chao1 reached its lowest values at any time, especially in the 10 mg kg −1 (B) treatment, when it was mostly similar among graphene concentrations. At 90 days, however, the Chao1 increased significantly at first and then decreased, peaking at 100 mg kg −1 (C); hence, the number of soil bacteria had increased compared with that at 60 days (lowest occurring numbers). Across the time period, this Chao1 richness index of bacteria was ranked as 15 > 7 > 30 > 90 > 60 days; the ACE index showed the same basic trend (Table 3) . Both the Simpson and Shannon indices revealed that soil bacterial diversity increased slightly during the whole period in response to 10-1000 mg kg −1 of graphene (B-D). This suggested the bacterial community responded positively to more graphene input, with their associated index values rank-ordered as 15 > 7 > 90 > 30 > 60 days (Table 3) . 
Beta Diversity Analysis
Our principal component analysis (PCA)-performed using the sample distance matrix for each soil sample sequence-showed a regular pattern in the distribution of bacterial communities under different graphene treatments (Figure 3 ). At 7 and 15 days, for all graphene groups (0-1000 mg kg −1 ; A-D), the bacteria tended to be situated to left side of the second quadrant. However, at 30 days, they had shifted their position to left side of the first quadrant, at 60 days they shifted to the right side of the first quadrant, and at 90 days they consistently occurred between the two quadrants. These results indicate that the soil bacterial community structures were relatively consistent at different incubation times. Their similarity was analyzed in a cluster analysis ( 
Bacterial Taxonomy Analysis
According to the population statistics ( Figure 5 ), the number of bacterial species in soil samples varied with incubation time and graphene concentration. With graphene in the soil, a range of bacteria types were supported, including Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, Gemmatimonadetes, Bacteroidetes, Firmicutes, and Nitrospirilla, as well as other bacteria ( Figure 6 ). Except for a few unidentified bacteria, the relative abundances of Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, and Verrucomicrobia in the soil samples exceeded those of other co-occurring taxa ( Figure 7 ). 
According to the population statistics ( Figure 5 ), the number of bacterial species in soil samples varied with incubation time and graphene concentration. With graphene in the soil, a range of bacteria types were supported, including Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, Gemmatimonadetes, Bacteroidetes, Firmicutes, and Nitrospirilla, as well as other bacteria ( Figure 6 ). Except for a few unidentified bacteria, the relative abundances of Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, and Verrucomicrobia in the soil samples exceeded those of other co-occurring taxa ( Figure 7 ). Taxonomic breakdown of the microbiome of the sampled soil bacterial community based on classified 16S rDNA gene sequences. Representative sequences were taxonomically assigned using the RDP (Ribosomal Database Project) classifier. The tree was generated using GraPhlAn (Graphical Phylogenetic Analysis) [27] .
The relative abundance of the main bacterial community members in Haplic Cambisols varied with graphene incubation time. Compared with the 0 mg kg −1 graphene (A), Proteobacteria increased first and then decreased. The relative abundances of Acidobacteria, Actinobacteria, Chloroflexi and Verrucomicrobia all decreased initially and then increased, albeit not significantly. At 7 and 15 days, Proteobacteria increased in all treatments, though not significantly; Acidobacteria, Actinobacteria, and Chloroflexi did not change significantly in abundance, but Verrucomicrobia did decrease significantly. At 30 days, the abundances of Acidobacteria and Verrucomicrobia decreased with higher graphene concentrations while those of Proteobacteria and Actinobacteria increased; however, Chloroflexi did not change significantly. At 60 days, the abundance of Verrucomicrobia increased with more graphene, Proteobacteria decreased, yet no significant changes were detected in the other three phyla. At 90 days, the abundances of Proteobacteria and Acidobacteria both increased, while those of Actinobacteria, Chloroflexi and Verrucomicrobia decreased significantly. Throughout the incubation period, Proteobacteria and Acidobacteria were the codominant bacteria, respectively accounting for 55.4% and 14.8% of all soil bacteria in our samples ( Figure 6 ).
We also carried out pairwise comparisons of the sequence number (i.e., absolute abundance) of taxa at the phylum and genus levels ( Table 4) . Their absolute abundances among the samples (groups) differed significantly among the graphene treatments. The comparisons of 0 vs. 100 mg kg −1 (A vs. C) were most different at the phylum level, while those of 0 vs. 1000 mg kg −1 (A vs. D) and 10 vs. 1000 mg kg −1 (B vs. D) had the most pronounced differences at the genus level (Table 4 ). Taxonomic breakdown of the microbiome of the sampled soil bacterial community based on classified 16S rDNA gene sequences. Representative sequences were taxonomically assigned using the RDP (Ribosomal Database Project) classifier. The tree was generated using GraPhlAn (Graphical Phylogenetic Analysis) [27] .
We also carried out pairwise comparisons of the sequence number (i.e., absolute abundance) of taxa at the phylum and genus levels ( Table 4) . Their absolute abundances among the samples (groups) differed significantly among the graphene treatments. The comparisons of 0 vs. 100 mg kg −1 (A vs. C) were most different at the phylum level, while those of 0 vs. 1000 mg kg −1 (A vs. D) and 10 vs. 1000 mg kg −1 (B vs. D) had the most pronounced differences at the genus level (Table 4) . 
Prediction of Microbial Metabolic Function
Our Venn diagram of common functional groups (Figure 8 ) summarized the OTU numbers of common and unique functional groups in soils. A total of 6331 OTUs were observed in the sampled Haplic Cambisols, of which 5990 were common ones (92.3%). The corresponding total numbers of OTUs for the 0, 10, 100, 1000 mg kg −1 graphene treatments (respectively A, B, C, and D) were 6247, 6209, 6224, and 6102, while their respective unique numbers were 44, 7, 6, and 15. Evidently, different concentrations of graphene significantly increased the functional groups in the bacterial community. Figure 9 shows the cluster thermal map analysis of these functional bacterial groups. Compared with 0 mg kg −1 graphene (A), the pooled abundances for 10-1000 mg kg −1 graphene (B-D) were higher at 7 days; at 15 days, those for 10-100 mg kg −1 (B-C) were higher (except for the polar amino acid transport system permease protein (K02029), the polar amino acid transport system substrate-binding protein (K02030), and the methyl-accepting chemotaxis protein (K03406)); at 30 days, the abundances of all functional bacterial groups were lower (except for the methyl-accepting chemotaxis protein (K03406) for 100-1000 mg kg −1 of graphene (C-D)); at 60 days, the abundances were likewise all lower, except for the methyl-accepting chemotaxis protein (K03406), an iron complex outer membrane receptor protein (K02014), polar amino acid transport system permease protein (K02029), and a polar amino acid transport system substrate-binding protein (K02030) for 100-1000 mg kg −1 graphene (C-D); at 90 days, the abundances were still lower, except that the abundances of multiple sugar transport system substrate-binding protein (K02027) and multiple sugar transport system permease protein (K02026) were higher in the 0 mg kg −1 (A) and 100 mg kg −1 (C) graphene treatments. 
Table 4. Statistical results for Metastats for pairwise comparison test among the different samples (groups).
Group Phylum Genus
Prediction of Microbial Metabolic Function
Changes in the Soil Environment
From the correlations between soil physical and chemical properties and enzyme activities (Table 5) , soil pH and hydrolytic nitrogen contents were evidently strongly and positively associated, 
From the correlations between soil physical and chemical properties and enzyme activities (Table 5) , soil pH and hydrolytic nitrogen contents were evidently strongly and positively associated, as were available potassium contents and urease activities (p < 0.01). Notable positive correlations (p < 0.01), noteworthy negative correlations (p < 0.01), and significant positive correlations (p < 0.05) also occurred between some parameters. The many correlations found, for which some were much stronger than others, suggested that ecological or environmental information overlapped among them. Table 5 . Pearson correlations of organic matter contents (OM), pH values (pH), hydrolytic nitrogen contents (HN), available phosphorus contents (AP), available potassium contents (AK), dehydrogenase activities (Dehy), catalase activities (Cata), urease activities (Urea), and acid phosphatase activities (Phos). From the redundancy analysis (RDA) (Figure 10 ), some soil environmental factors, such as organic matter and hydrolytic nitrogen contents, as well as urease and catalase activities, also heavily influenced the soil bacterial community diversity in Haplic Cambisols. Positive correlations were found between hydrolytic nitrogen contents and urease activities and Proteobacteria. Positive correlations were also found between Acidobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, Gemmatimonadetes and organic matter contents and catalase activities. However, negative correlations occurred between Acidobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, Gemmatimonadetes and hydrolytic nitrogen contents and urease activities. as were available potassium contents and urease activities (p < 0.01). Notable positive correlations (p < 0.01), noteworthy negative correlations (p < 0.01), and significant positive correlations (p < 0.05) also occurred between some parameters. The many correlations found, for which some were much stronger than others, suggested that ecological or environmental information overlapped among them. From the redundancy analysis (RDA) (Figure 10 ), some soil environmental factors, such as organic matter and hydrolytic nitrogen contents, as well as urease and catalase activities, also heavily influenced the soil bacterial community diversity in Haplic Cambisols. Positive correlations were found between hydrolytic nitrogen contents and urease activities and Proteobacteria. Positive correlations were also found between Acidobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, Gemmatimonadetes and organic matter contents and catalase activities. However, negative correlations occurred between Acidobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, Gemmatimonadetes and hydrolytic nitrogen contents and urease activities. 
Discussion
After incubating the Haplic Cambisols with different concentrations of graphene, their bacterial community structure, richness, and diversity, as well as the relative abundance of their main bacterial populations, were changed (Table 3) . Early in the graphene treatment, bacterial abundance decreased but then increased under greater graphene concentrations (Table 3) , which suggested that microorganisms responded rapidly to environmental changes due to their high surface-to-volume ratios and low homeostasis ability [28] . Under pure incubation conditions, the contact of graphene with bacterial surfaces damages their cell membrane, thereby reducing their survival, which is consistent with the findings of Akhavan and Ghaderi [15] . With more graphene, the numbers of bacteria in Haplic Cambisols increased, indicating that higher graphene concentrations (i.e., 100 and 1000 mg kg −1 ) promoted bacterial growth, unlike the results reported by Ren et al. [29] . With prolonged graphene incubation times, under low concentrations of graphene, bacterial abundances increased; however, at high concentrations, they decreased significantly. This result suggests that low concentrations of graphene may promote soil bacteria to a certain extent, thus increasing their abundances and number of species. However, high graphene concentrations may inhibit the growth of some bacteria and significantly reduce their abundances in the community. For example, the lowest bacterial abundance occurred at 60 days and under 10 mg kg −1 graphene (B).
PCA ( Figure 3 ) and cluster ( Figure 4 ) analyses can elucidate potential changes in the structure of soil bacterial communities exposed to graphene. As Figure 3 shows, bacteria strongly overlapped between samples early on in the graphene treatment (at 7 and 15 days), when only the high concentration of graphene (100 mg kg −1 , i.e., C) was distinguishable from the other treatments, indicating that graphene had little impact on bacteria at these times. At 30 days, however, graphene greatly changed the structure of the bacterial community in Haplic Cambisols, with significant differences evident among bacterial community samples. At 60 days, the differences in the bacterial community among the samples were greatest, and a high graphene concentration (100 and 1000 mg kg −1 , i.e., C and D) was crucial for promoting the community-level transformation. At 90 days, the bacterial communities of all treatments tended to be consistent. The cluster analysis showed that the bacterial community increasingly diverged as the incubation time lengthened, and these differences were most pronounced at 60 days ( Figure 4) . Further, although the dominant community composition at the phylum level was similar among the different graphene treatments, their relative abundances varied ( Figure 6 ). In the five graphene treatment communities, the abundance order for Proteobacteria was 60 > 30 > 7 > 15 > 90 days, while that for Acidobacteria and Actinobacteria was 7 > 15 > 90 > 30 > 60 days, corresponding to graphene's impact on microorganisms at 60 days, which led to predictable changes in soil physicochemical properties and microbial selection. The abundances of Acidobacteria and Actinobacteria were higher in early than late stages of incubation, likely because both can degrade cellulose (even refractory aromatic compounds) and promote soil mineralization and nitrogen cycling.
Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, and Verrucomicrobia were variously dominant soil microorganisms in soil with different graphene and incubation times (Figures 6  and 7 ). Buckley and Schmidt [30] as well as Tang et al. [31] found that Proteobacteria, Acidobacteria, Planctomycetes, Actinobacteria, and Bacteroidetes are the dominant phyla in agricultural soils. In our study, three of these were among our five dominant phyla, which indicated similarities and differences in soil microorganisms between Haplic Cambisols and agricultural soils. This interpretation is consistent with the considerable community differences we found at the phylum and genus levels among the graphene treatments (Table 4) .
Changes in the quantity of soil microbes may be used to gauge the effect of graphene on soil ecosystem stability [32] . We found that changes to main bacterial community members were closely related to graphene concentration and incubation time (Figure 8 ). Soon after the graphene additions, the metabolic functions of bacterial communities remained unchanged. However, with the 1000 mg kg −1 graphene (D) treatment, the soil bacteria numbers clearly increased. Early on in the incubation, 10-1000 mg kg −1 graphene (B-D) affected the structure and function of the soil bacterial community.
The genes of a carrier protein and a substrate binding enzyme protein related to amino acid transport to the cell membrane of bacteria, in addition to methyl-accepting chemotaxis signal transduction protein (MCP), all had decreased, which should affect the preparation of the MCP recombinant protein. With a longer incubation time, the metabolic function of the soil bacterial community decreased continuously, but the MCP gene began to increase, not yet binding to graphene, but to the cholinesterase A (CheA) phosphorylated by ATP. This phosphorylated protein may transfer its phosphoester bond to the cholinesterase Y protein, and the interaction between the Y protein and FliM switching protein in the flagellum matrix promoted the flagellum rotation and cell roll of Pseudomonas, which reached its maximum at 60 days, followed by 30 days (Figure 8 ). Though bacterial communities can resist graphene treatment and promote cell growth and reproduction through a series of reactions (for example, a protein-iron can combine with its receptor and form a complex in the cytoplasm or interstitial fluid, participating in DNA synthesis in the cell as induced by the increase of carrier proteins and substrate-binding enzymes on the cell membrane of the bacteria), the effect of such reactions is likely very small. This would explain why the bacterial community richness and diversity were lowest at 60 days. At 90 days, the multiple sugar transport system substrate-binding protein and multiple sugar transport system permease protein were more active in their roles under 100 mg kg −1 graphene (C), with lipopolysaccharide transporters (LptA-G) initiating transmembrane transport (lipopolysaccharides are essential for the survival of all Gram-negative bacteria). Permease proteins (carrier proteins), being a kind of membrane protein, can improve the cell membrane permeability to specific molecules, and can bind to extracellular substances and then release these substances via the membrane for cell growth in a process that does not consume metabolic energy. Hence, incubation time and graphene concentration both drive the bacterial community's metabolic functioning ( Figure 9) .
Changes in the bacterial community in Haplic Cambisols were also related to soil physical and chemical properties and enzyme activities. Our trends for soil bacterial community richness and diversity indices were consistent with soil organic matter and hydrolytic nitrogen contents, as well as urease activities, among others. This is perhaps not surprising, since soil organic matter is a key nutrient and energy source of microorganisms [24] , and urease can specifically promote urea hydrolysis to ammonia and carbonic acid, and is an important source of microbial nitrogen sources [33, 34] . Graphene likely affected the nutrient and energy sources of soil bacteria by changing the organic matter contents available to them. Hydrolytic nitrogen and urease are key sources of bacterial nitrogen; thus, graphene will likely increase soil nitrogen cycling in these Haplic Cambisols, with hydrolytic nitrogen contents and urease activities significantly increased in the soil bacterial community at 7 and 15 days (Figure 10 ). Soil catalase activities are related to the numbers of species and the activity of the bacterial community, which can reflect the intensity of the soil microbiological process to a certain extent. In our study, only early in graphene incubation did the catalase activities of soils notably increase (Figure 10 ), thus indicating that the direct contact of graphene with catalase probably changed the enzyme structure and properties, with soil bacteria producing reactive oxygen species (ROS). This view is consistent with the findings of Ahmed and Rodrigues [35] and Wang et al. [18] .
With a longer incubation time, catalase activities were mostly unchanged, indicating that the effects of graphene on soils were limited, as found by Li et al. [14] . Dehydrogenase activity is both related to microbial respiration and biomass, thus it could indirectly reflect the activity and viability of microorganisms [36] . In this study, the effect of graphene on soil dehydrogenase was relatively small: only at 15 and 30 days did its activity exceed that under 0 mg kg −1 graphene (A). Compared with the 0 mg kg −1 graphene treatment (A), the activity of acid phosphatase increased significantly at the early stage of graphene incubation, and decreased significantly at 60 and 90 days, indicating that graphene may affect soil N and P cycling when it reaches a certain content in the soil (Table 5 ; Figure 10 ).
Conclusions
Graphene increased the richness and diversity indices of the bacteria community in Haplic Cambisols, particularly during early stages of incubation (7 and 15 days). The order of bacterial similarity in Haplic Cambisols treated with graphene was 15 > 7 > 30 > 60 > 90 days, i.e., only at later stages did graphene significantly increase the bacterial community structure (i.e., after 30 days). The relative abundances of Proteobacteria and Acidobacteria in Haplic Cambisols were highest, with the number of Pseudomonas of Proteobacteria being particularly large. The specie numbers of bacteria in Haplic Cambisols varied with graphene concentration, but more strongly with incubation time; its rank order was 15 > 7 > 30 > 90 > 60 days.
Soil environmental factors, such as organic matter and hydrolytic nitrogen contents as well as urease and catalase activities, also influenced the soil bacterial community diversity in Haplic Cambisols. Since their trends closely matched those found for bacterial richness and diversity, these environmental factors are likely linked to processes of bacterial community assembly in Haplic Cambisols. average Phred scores of <20, sequences that contained ambiguous bases, and sequences that contained mononucleotide repeats of >8 bp. Paired-end reads were assembled using FLASH [38] . After chimera detection, the remaining high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence identity by UCLUST [39] . A representative sequence was selected from each OTU using default parameters. An OTU table was further generated to record the abundance of each OTU in each sample and the taxonomy of these OTUs. OTUs containing less than 0.001% of total sequences across all samples were discarded. To minimize the difference of sequencing depth across samples, an averaged, rounded rarefied OTU table was generated by averaging 100 evenly resampled OTU subsets under the 90% of the minimum sequencing depth for further analysis.
Appendix A.4. Bioinformatics and Statistical Analysis
Sequence data analyses were mainly performed using QIIME and R packages (v3.2.0). OTU-level alpha diversity indices, such as richness index (Chao1), evenness index (ACE) and diversity indices (Simpson and Shannon), were calculated using the OTU table in QIIME. OTU-level ranked abundance curves were generated to compare the richness and evenness of OTUs among samples. Beta diversity analysis was performed to investigate the structural variation of microbial communities across samples using UniFrac distance metrics [40] , visualized via principal coordinate analysis (PCA), and unweighted pair-group method with arithmetic means (UPGMA) hierarchical clustering [41] . Venn diagram was generated to visualize the shared and unique OTUs among samples or groups using R package "VennDiagram", based on the occurrence of OTUs across samples/groups regardless of their relative abundance [42] . Taxa abundances at the phylum, class, order, family, genus and species levels were statistically compared among samples or groups by bacterial taxonomy analysis and representative sequences were taxonomically assigned using the RDP classifier. Pairwise comparisons of sequence number (i.e., absolute abundance) of taxa at the phylum and genus levels also were carried out. Prediction of microbial metabolic function were mainly performed using Venn diagram of common functional groups and Heatmap of bacterial community abundance for KEGG homologous gene clusters (KO), derived from a cluster analysis. Ordination plots from a redundancy analysis (RDA) used to explore the relationships between the soil bacterial community and environmental variables.
